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Available online 12 May 2010AbstractTemporal fluctuations in the flow velocity of Shirase Glacier in Antarctica were studied using 15 synthetic aperture radar (SAR)
scenes obtained by the Japanese Earth Resources Satellite-1 (JERS-1) in 1996e1998 and 9 phased-array-type L-band SAR
(PALSAR) scenes obtained by the Advanced Land Observing Satellite (ALOS) in 2007e2008. The scenes were analyzed using
image correlation. The relative accuracy of the determined velocities was 0.03 km/a for JERS-1 and 0.02 km/a for ALOS. No
marked temporal changes in ice-flow velocity at the grounding line (GL) were noted during either period; the ice velocity varied
from 2.33 km/a (1996) to 2.27 km/a (2007). However, a marked difference between the two periods was found upstream from the
GL on the central streamline, as a function of distance from the GL. Between the GL and the point 30 km downstream, ice velocities
tended to be lower in 2007e2008 than in 1996e1998. Upstream from the GL, the velocities were higher in 2007e2008 than in
1996e1998, increasingly so with distance upstream, reaching a maximum of approximately 0.54 km/a at around 17e18 km
upstream from the GL before diminishing again to a value ofw0.25 km/a at 30 km upstream. No clear seasonal variations in flow
velocity were observed at 17e18 km upstream from the GL in 1996e1998; however, in 2007e2008, the summer (December
2007eFebruary 2008) velocity was 1.27 km/a, whereas the winter (JuneeAugust 2008) velocity was 1.06 km/a, representing
a marked difference of 0.21 km/a. A larger difference between these seasons (0.38 km/a) was found at 20 km above the GL.
 2010 Elsevier B.V. and NIPR. All rights reserved.
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The mass of ice discharged by glaciers plays an
essential role in the mass balance of the Antarctic ice
sheet, meaning that accurate estimates are required of
ice-mass discharge. Shirase Glacier, Antarctica,
contains many crevasses, making it prohibitively* Corresponding author.
E-mail address: nakamura-kazuki@aist.go.jp (K. Nakamura).
1873-9652/$ - see front matter  2010 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2010.04.010dangerous to carry out local observations; therefore,
remote sensing is the most appropriate means of
analysis. However, optical sensors are affected by
weather and solar elevation, and, given the long and
dark winter period, there is little opportunity to use
such sensors in Antarctica. As an alternative, we turn
to synthetic aperture radar (SAR), an active method
that relies on microwaves. SAR is an all-weather
method capable of observations during the polar night
and has proven to be extremely effective, offering
resolution similar to that of optical instruments.reserved.
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glacier. Previous research on the glacier has focused on
its mean annual flow velocity. The mean velocity of the
ice tongue is estimated to be 2.5 km/a (Nakawo et al.,
1978; Fujii, 1981), based on measurements of the
distances moved by icebergs in two aerial photographs
taken at different times, or on comparisons of the
locations of crevasses identified in successive SAR
images (Wakabayashi and Nishio, 2004). This velocity
is consistent with values of 2.2e2.6 km/a calculated
using SAR interferometry (Ozawa et al., 2000; Pattyn
and Derauw, 2002). The flow velocity at the
grounding line (the line at which the glacier loses
contact with land and begins to float; hereafter referred
to as GL) has been estimated to be 2.3 km/a (Rignot,
2002a), making this one of the fastest-moving
glaciers on the Antarctic continent.
Of the above studies, few considered seasonal
variations in velocity; however, it has recently become
apparent that it is necessary to closely examine
seasonal and annual fluctuations in the flow velocity of
glaciers to identify signs of imminent calving, as
revealed by studies of previous sudden calving events
(e.g., Pattyn and Derauw, 2002).
Ozawa et al. (2000), Pattyn and Derauw (2002), and
Rignot (2002a) used SAR interferometry (Goldstein
et al., 1993) to examine the flow velocity of Shirase
Glacier. However, phase coherency is difficult to
maintain in the case of rapid ice flow, meaning that the
use of SAR has been limited to the European Remote
Sensing Satellite (ERS) Tandem Mission and other
missions in ice mode. As a further obstacle, the
observation period of the ERS Tandem Mission is
limited to 2 months, which is too short to enable
detailed measurements of seasonal variations.
Wakabayashi and Nishio (2004) calculated ice-
flow velocities using image correlation applied to
SAR image pairs obtained by ERS-1 during one
repeat cycle (35 days) or even two repeat cycles (70
days), by tracking the locations of crevasses.
Nakamura et al. (2007a,b) were the first to report
seasonal changes in Shirase Glacier flow extracted
from an image correlation analysis of data gathered
in 1996e1998 by the L-band SAR onboard the
Japanese Earth Resources Satellite-1 (JERS-1).
However, these analyses suffered problems concern-
ing azimuth pixel spacing, which is corrected in the
present study (Section 4.3).
The JERS-1 SAR was discontinued in 1998, but in
2006, the Advanced Land Observing Satellite (ALOS)
came into operation with a phased-array-type L-band
SAR (PALSAR). The repeat cycle of ALOS is 46 days.PALSAR uses the same L-band as did JERS-1 SAR,
meaning that mapping of flow velocity vectors can be
directly compared between the two datasets. The
present study investigated whether image correlation is
effective in revealing differences in seasonal and
annual fluctuations of the flow of Shirase Glacier over
the 11-year period between JERS-1 and ALOS-
mounted SAR observations.
2. Shirase Glacier
Shirase Glacier, named after Lieutenant Nobu
Shirase, the first Japanese explorer to attempt an
expedition to the South Pole, is situated approximately
150 km southwest of the Japanese Syowa Station. The
glacier occupies most of Mizuho Plateau (Fig. 1) and is
one of the major outlet glaciers in East Dronning Maud
Land. The tip of the glacier floats as a conglomerate of
icebergs (hereafter referred to as “conglomerate”) in
Lu¨tzow-Holm Bay, flowing northward. The floating
portion of the glacier is generally surrounded by fast
ice in the bay, which suppresses direct calving (Fujii
and Kusunoki, 1982).
When the southernmost fast ice surrounding the
conglomerate in Lu¨tzow-Holm Bay starts to disinte-
grate, the above conglomerate begins to break up,
releasing icebergs. The latest release (drift-away) was
detected during AprileMay 1998 from JERS-1 SAR
images. Subsequent to this release, data from the
Advanced Spaceborne Thermal Emission and Reflec-
tion radiometer (ASTER) onboard the Terra satellite,
as well as other remote sensing satellite observations,
have confirmed no disintegration or drift-away of the
growing conglomerate up to the end of 2009, after the
launch of ALOS. It is considered that drift-away of the
conglomerate is strongly controlled by the degree of
stability of fast ice in Lu¨tzow-Holm Bay (Ushio, 2003,
2006); this topic is discussed in detail in Section 6.1.
3. Data sources
We employed data gathered by SAR instrumenta-
tion on the JERS-1 and ALOS satellites. JERS-1 was
launched on an H-I booster in 1992 by the National
Space Development Agency (NASDA; currently the
Japan Aerospace Exploration Agency, JAXA). The
repeat cycle of JERS-1 was 44 days and it carried an L-
band SAR (wavelength l¼ 23.6 cm). From 1996 to
1998, when it ceased operation, JERS-1 focused its
observations on the Shirase Glacier area. These data,
which are archived at the National Institute of Polar
Research (NIPR), Tokyo, are analyzed in this study.
Table 1
Specification parameters of SAR used in this study.
(a) JERS-1 SAR
Satellite altitude 568 km
Radar frequency 1.275 GHz (L-band)
Radar wavelength 23.6 cm
Range resolution 28.0 m
Azimuth resolution 27.8 m
Number of looks Range 2, azimuth 6
Swath width 77.6 km
Off-nadir angle 35
Polarization HH
(b) ALOS PALSAR
Satellite altitude 692 km
Radar frequency 1.27 GHz (L-band)
Radar wavelength 23.5 cm
Range resolution 16.4 m (FBS)
Azimuth resolution 15.0 m (FBS)
Number of looks Range 2, azimuth 5
Swath width 73.0 km
Off-nadir angle 34.3 (FBS)
Polarization HH (FBS)
Table 2
Acquisition dates of SAR data used for the present analyses.
(a) JERS-1 SAR
(1) 30 Apr 1996 (6) 06 Dec 1996 (11) 06 Jan 1998
(2) 13 Jun 1996 (7) 19 Jan 1997 (12) 19 Feb 1998
(3) 27 Jul 1996 (8) 14 Jul 1997 (13) 04 Apr 1998
(4) 09 Sep 1996 (9) 27 Aug 1997 (14) 18 May 1998
(5) 23 Oct 1996 (10) 10 Oct 1997 (15) 01 Jul 1998
(b) ALOS PALSAR
(1) 26 Sep 2007 (4) 11 Feb 2008 (7) 28 Jun 2008
(2) 11 Nov 2007 (5) 11 Mar 2008 (8) 13 Aug 2008
(3) 27 Dec 2007 (6) 26 Apr 2008 (9) 28 Sep 2008
Fig. 1. (a) Observation scene over the Shirase Glacier area by JERS-
1 SAR. The long sides of the rectangle coincide with the azimuth
direction. (b) Observation scene over the Shirase Glacier area by
ALOS PALSAR. The long sides of the rectangle coincide with the
azimuth direction.
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on an H-IIA booster. The repeat cycle of the ALOS
satellite is 46 days and it carries on the observations
performed by JERS-1 with an L-band SAR
(l¼ 23.5 cm), called PALSAR. Some of the Shirase
Glacier data analyzed in this research were obtained
from scenes provided by the Earth Remote Sensing
Data Analysis Center (ERSDAC), Tokyo, Japan.
JERS-1 and ALOS have different orbits, and the
image scenes covering Shirase Glacier have different
azimuths (rectangles in Fig. 1). There are also slight
differences in the swath widths and off-nadir angles.The fine beam single (FBS) polarization mode of
ALOS has a wider bandwidth than does SAR in JERS-
1, and its resolution in the range direction is approxi-
mately double that of SAR in JERS-1. Table 1
compares the two SAR systems.
Short intervals between images are preferable for
the purpose of the present study because the longer the
repeat cycle involved in capturing SAR images, the
more likely decorrelation would occur between
consecutive images due to changes in the scattering
characteristics of the glacier and the ice sheet surface
over time. We obtained 12 single-repeat cycle
consecutive image pairs from 1996 to 1998 for this
study from the JERS-1 SAR archive, as well as six
such pairs from 2007 to 2008 from ALOS PALSAR
data (Table 2).
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4.1. Processing of SAR data
To apply image correlation in order to identify flow
vectors for Shirase Glacier, it was necessary to “co-
register” the image pairs, involving accurately matching
pixels in consecutive image pairs. This required the use of
single-look complex (SLC) data. Amplitude images were
constructed bymulti-look processing of the SLCdata and
were processed to suppress speckle noise. The Gamma
SAR Processor (Gamma Remote Sensing A.G.,
Switzerland) was used to generate the amplitude images.
To smooth speckle noise, the JERS-1 SAR data
were used to generate a multi-look image with two
pixels in the range direction and six pixels in the azi-
muth direction. Similarly, the ALOS PALSAR data
were handled in a 2 5 multi-look process. The
resulting per-pixel resolutions on the ground in the
range and azimuth directions were 28.0 and 27.8 m,
respectively, for the JERS-1 SAR images, and 16.4 and
15.0 m, respectively, for the ALOS PALSAR images.
4.2. Calculation of flow vectors
Vectors representing the flow velocity of Shirase
Glacier were calculated by applying image correlationMaster image: X
Slave image: Y
•
P (up, vp)
(i0, j0)
•
feature window
range
azimuth
Rs
As
m pixel for azimuth
n pixel for range
Fig. 2. Conceptual diagram of image correlation between the master
image (white scene behind) and the slave image (shadowed scene
above). A feature window of n pixels for range and m pixels for
azimuth is moved to maximize the correlation coefficient R(u, v)
given by Eq. (1).to co-registered image pairs. Image correlation consists
of a search for identical surface points in co-registered
images by matching small areas. The image used as the
reference is called the “master image” and the image in
which the search is performed is called the “slave
image.” Small areas called “correlation windows,” of m
(azimuth) n (range) pixels in size, are established
and are considered to be matched when the correlation
coefficient R is maximized (Fig. 2). The correlation
coefficient R is calculated as follows:
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where X(i,j) is the pixel value at the coordinate of master
element X with range i and azimuth j, and Y(iþ u,jþ v)
represents the pixel values at slave element Y, at
a distance (u,v) from (i,j). X and Y represent the mean
element values of the given small areas consisting of n
pixels in the range direction and m pixels in the azimuth
direction, in the master and slave images, respectively.
As summarized in Table 1, the ALOS PALSAR pixel
size for both range (16.4 m) and azimuth (15.0 m)
directions is approximately half that for JERS-1 SAR
(28.0 and 27.8 m, respectively). Therefore, an area of
32 32 pixels in the case of JERS-1 SAR is about
0.81 km2 (0.9 0.9 km), while an area of 64 64 pixels
in the case of ALOS PALSAR is about 1.01 km2
(1.05 0.96 km). These size settings were selected to
equalize the window area in both sensors and to match
the same size of iceberg fragment in image correlation.
The flow vector v was calculated as follows:
v¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
½As$u2þ½Rs$v2
q
ðm=44-days for JERS-1;
m=46-days for ALOS PALSARÞ; ð2Þ
where Rs and As represent the pixel size at the surface in
the range and azimuth directions, respectively.
If we assume an estimated error of 1 pixel in the
absolute value of flow velocity, this error becomes
33.6 m/44 days (0.28 km/a) for JERS-1SARdata and
22.2 m/46 days (0.18 km/a) for ALOS PALSAR data
from themeanvalue of the range (minimum) distance and
diagonal (maximum) distance of the pixel. Since posi-
tions can practically be determined with an accuracy of
one-tenth of pixel size (inherent to the correlation
method), the relative precision levels of velocity deter-
mination are 0.03 km/a for JERS-1 SAR observations
and 0.02 km/a for ALOS PALSAR observations.
Fig. 3. (a) Flow velocity along the central streamline for 80 km
centered about the grounding line (GL) shown by 0 km. Red curves
indicate the velocities obtained from summer datasets, while dark
blue curves representing winter datasets. The pixel size was calcu-
lated using the incorrect azimuth resolution; thus, the obtained
velocities were overestimated (before correction, especially in the
downstream region). (b) Similar plot of the flow velocity calculated
using the correct azimuth spacing (after correction). For details, see
text.
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Previous papers encountered problems in handling
of the azimuth pixel spacing (Nakamura et al.,
2007a,b). The parameter file of the GAMMA SAR
processor records the parameters “azimuth resolution”
and “azimuth spacing.” During multi-look processing,
the azimuth resolution is found from the theoretical
value for the SAR antenna size (34.8 m for JERS-1),
while “azimuth spacing” is calculated from the pulse
repetition frequency (PRF) and the satellite velocity in
each scene (27.8 m in the Shirase Glacier area for
JERS-1 observations). Previous results (fig. 5 in
Nakamura et al., 2007b) are based on the theoretical
“azimuth resolution” in the parameter file of the
GAMMA SAR processor, as reproduced in Fig. 3(a) of
this report.
However, it is necessary to define the azimuth pixel
spacing in terms of the “measured azimuth spacing.”
The results of these recalculations are shown in Fig. 3b.
A comparison of Fig. 3a and b reveals that the flow
velocity at the GL was 280 m/44 days, both before and
after correction. At the upstream location (30 km
above the GL), the flow velocity before correction was
141e144 m/44 days, but was 131e134 m/44 days after
correction. At the downstream location (30 km down-
stream from the GL in Lu¨tzow-Holm Bay, at around
the calving front), the previous estimate of
316e340 m/44 days was adjusted to 292e310 m/44
days and the initially estimated velocity at the tongue
(367e422 m/44 days) was reduced to 316e359 m/44
days, giving a maximum reduction of 51e63 m/44
days. Overall, the flow velocity was overestimated by
w20% because of the overestimated pixel size in the
azimuth direction.
ALOS PALSAR images were pixilated using an
azimuth spacing of 15 m. Fig. 4a, for example, shows
an amplitude image from September 2007. Fig. 4b
shows the flow velocity vectors calculated by image
correlation using the SeptembereNovember 2007 pair.
No problems were encountered related to the selection
of an inadequate azimuth resolution.
A 198.6 km2 area of the conglomerate broke away
from Shirase Glacier during AprileMay 1998, but no
further break-off had been observed as of the end of
2009. The tongue has continued to lengthen, now
extending approximately 8 km northeast into Lu¨tzow-
Holm Bay. The next time the glacier calves, the break-
away area is expected to be w50% larger than that in
1998 (i.e., w300 km2). A historical review of drift-
away of the conglomerate, in relation to the breakup ofsea ice in Lu¨tzow-Holm Bay, is presented in Section
6.1.
5. Analysis of flow velocities
Table 3 lists estimates of the flow velocities of the
west, central, and east streamlines (see Fig. 4a) at sites
located upstream of, downstream of, and near the GL,
using image correlation for the years 1996, 1997, 1998,
2007, and 2008. The table shows the movement
observed over single-repeat periods, converted to
kilometers per year. Table 4 lists seasonal changes (for
Table 3
Summary of annual changes in the flow velocity of Shirase Glacier,
taking the year as a parameter for the three representative streamlines.
For locations, see Fig. 4a.
Year Western streamline Central streamline Eastern streamline
(a) Upstream region
1996 1.18 km/a 1.09 km/a 1.08 km/a
1997 1.18 km/a 1.08 km/a 1.08 km/a
1998 1.19 km/a 1.11 km/a 1.12 km/a
2007 1.40 km/a 1.27 km/a 1.13 km/a
2008 1.28 km/a 1.14 km/a 1.03 km/a
(b) Grounding line
1996 2.36 km/a 2.32 km/a 2.18 km/a
1997 2.38 km/a 2.32 km/a 2.18 km/a
1998 2.40 km/a 2.33 km/a 2.23 km/a
2007 2.35 km/a 2.29 km/a 2.14 km/a
2008 2.31 km/a 2.26 km/a 2.12 km/a
(c) Downstream region
1996 2.55 km/a 2.42 km/a 2.31 km/a
1997 2.60 km/a 2.48 km/a 2.35 km/a
1998 2.75 km/a 2.57 km/a 2.43 km/a
2007 2.65 km/a 2.50 km/a 2.37 km/a
2008 2.56 km/a 2.43 km/a 2.31 km/a
Fig. 4. (a) Amplitude image of Shirase Glacier from September 2007
as observed by ALOS PALSAR. Streamlines, regions, and distances
from the GL, as determined by Yamanokuchi et al. (2005), are
superposed. (b) Flow velocity vectors are calculated by image
correlation using a SeptembereNovember 2007 ALOS PALSAR
pair. See also Fig. 7 for comparison.
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upstream and downstream sites upon the glacier.
Since the region upstream from GL shows no tidal
vertical motion, the ice stream area is believed to be
grounded on subglacial bedrock. From GL to a point
40 km downstream, the ice stream area is floating in
sea water, even though this portion appears to be
located landward of the coastline. This downstream
area appears to be a continuous body of ice and is
believed to behave visco-elastically; we call this
portion the ice tongue. The ice stream area located
further downstream (beyond 40 km from the GL) is
characterized by numerous transverse crevasses and
consists of a conglomerate of icebergs. The previous
drift-away in 1998 occurred at this boundary (the
calving front) between the ice tongue and the
conglomerate.Table 4
Seasonal change in the flow velocity of Shirase Glacier. For details,
see text.
Year Western streamline Central streamline Eastern streamline
(a) Upstream region
1996 0.15 km/a 0.19 km/a 0.13 km/a
1997 0.11 km/a 0.17 km/a 0.13 km/a
2008 0.23 km/a 0.22 km/a 0.20 km/a
(b) Downstream region
1996 0.16 km/a 0.16 km/a 0.16 km/a
1997 0.11 km/a 0.10 km/a 0.12 km/a
2008 0.20 km/a 0.16 km/a 0.14 km/a
Fig. 5. (a) Variations in flow velocity at the center streamline as
a function of distance from the GL. The red and blue dashed lines
show image correlation-derived data from six ALOS PALSAR image
pairs in summer (December 2007eFebruary 2008) and winter
(JuneeAugust 2008), respectively, and the green dotted and dashed
lines show data from spring and autumn in 2007 and 2008, respec-
tively. (b) Comparison of mean velocities derived from SAR data
between JERS-1 (1996e1997) and ALOS (2007). (c) Mean velocity
difference derived from SAR data collected by JERS-1 and ALOS.
Solid line indicates the most probable flow velocity difference, and
the dotted lines are the error margin (3s).
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Fig. 5a shows profiles of flow velocity at the center
of the flow of Shirase Glacier (bold solid line in
Fig. 4a). The flow velocity shows a progressive
downstream increase, proportional to distance: the
velocity at the GL position as determined by
Yamanokuchi et al. (2005), is approximately an order
of magnitude greater than that at the site located 30 km
upstream of GL. Given the absence of drift-away
events of the conglomerate between 1998 and 2009,
and given that the conglomerate is steadily growing in
extent (as revealed by annual reconnaissance flights by
helicopter), the velocity field of Shirase Glacier is not
believed to be affected by abrupt changes within
a short (<1 year) interval. However, the velocities may
vary from year to year.
Qualitatively, we observed a conspicuous accelera-
tion upstream of the GL and a slight but distinct
deceleration downstream of the GL. The location of
this change in behavior is 7e8 km upstream from the
GL (Fig. 5b). The ice velocity is approximately
constant from 7 to 8 km upstream to 10 km down-
stream from the GL, where the glacier accelerates
again and continues to accelerate toward the calving
front. The western part of the glacier is moving at
a higher velocity than the eastern part, meaning that the
glacier tends to turn eastward (Nakamura et al.,
2007a).
In the case that an ice sheet is subjected to laminar
deformation on top of cold basement, the maximum
surface velocity is considered to be 10e20 m/a (Mae,
1987). Shirase Glacier largely exceeds this speed at
30 km above the GL. The light-blue area in Fig. 4b
represents a region of basal sliding upon wet basement,
or intense deformation under high vertical shear,
without basal sliding.
5.2. Temporal and spatial changes in ice velocity
Here, we investigate seasonal variations in flow
velocity of the central streamline of Shirase Glacier in
2007e2008. At 17e18 km upstream from the GL
(Fig. 5a), there is a marked difference in flow velocity
of about 40 m/46 days (¼0.32 km/a) between summer
(dashed red line) and winter (dashed blue line). Fig. 5b
shows the mean velocity profiles derived from SAR
data between 1996 (JERS-1; solid line) and 2007
(ALOS; dashed line), while Fig. 5c shows the most
probable mean velocity difference (solid line) and the
associated error (3s; dotted lines), as a function of
distance from the GL. As clearly shown in Fig. 5c, the
450 K. Nakamura et al. / Polar Science 4 (2010) 443e45511-year span of ice velocities indicates that the glacier
starts to accelerate at w5 km upstream from the GL.
The velocity difference between the 11-year span
datasets reaches a maximum at 17e18 km upstream
from the GL (68.1 m/46 days;¼ 0.54 km/a) and at
30 km above the GL (31.5 m/46 days;¼0.25 km/a).
This trend of increasing velocity continues further
upstream.
JERS-1 SAR observations revealed that the mean
velocity at the intersection of the central streamline
and the GL was approximately constant throughout
1996 (2.33 km/a). Rignot (2002a) reported a velocity
of 2.3 km/a at the GL based on ERS-1 SAR observa-
tions in April and May of 1996. In 2007e2008, the
velocity was estimated to be 2.27 km/a, based on
ALOS PALSAR observations. This figure represents
an apparent decrease of 7.6 m/46 days (0.06 km/a)
compared with 1996, but this cannot be considered
a marked change given the estimated error. Therefore,
the ice velocity at the GL has remained unchanged,
despite the trend of upstream acceleration.5.3. Shear strain and orientation of the principal
strain axis
From the two-dimensional (i.e., range and azimuth)
components of the obtained velocity vector, we can
calculate the strain fields as follows:
31 ¼ 1
2

vv
vx
þ vu
vy

; ð3Þ
32 ¼ 1
2

vu
vx
 vv
vy

; ð4Þ
33 ¼ 1
2

vu
vx
þ vv
vy

; ð5Þ
3max ¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
321 þ 322
q
; ð6Þ
and
qmax ¼ argð31=33Þ; ð7Þ
where vx and vy represent the change in horizontal
distance in the range and azimuth directions, respec-
tively, in the region where strain was calculated; vu and
vv represent the components of velocity change in the
range and azimuth directions, respectively; 31 is shear
strain, 32 is normal strain, 33 is bulk strain, 3max is the
maximum shear strain (s1); and qmax is the direction of
the principal axis of the maximum shear strain(degrees). These equations can be found in any relevant
textbook; e.g., Lubin and Massom (2006).
Fig. 6a shows the function relating the maximum
shear strain 3max and the magnitudes of its corre-
sponding elements (31, 32) to the distance from the GL,
as defined by Eqs. (3)e(6). Fig. 6b shows the orien-
tation of the principal axis qmax as determined by Eq.
(7), representing the maximum shear strain.
The values of strain components 31 and 32 change
over a distance of 10 km, both up- and downstream. 31
is minimized and 32 is maximized at the GL, while 3max
shows a steady downstream increase, starting upstream
of the GL, reaching a local maximum at the GL and
remaining constant for 8 km about the GL before
increasing again downstream. Correspondingly, qmax is
15 at the GL regardless of the time of year, but
changes to 20 at points located 10 km downstream
and upstream of the GL, yielding local minima and
remaining under the control of the curvature of the
local ground surface. Here, the reference angle of 0 is
defined as the azimuth calculated in Eq. (7) and the
eastward direction is positive. In geographical terms,
the azimuth shown in Fig. 4b is 53 west of true north.
Flow at the GL is toward a geographical azimuth of
38 (NNW), meaning that the flow line crossing the
GL from 10 km upstream to 10 km downstream is
deflected by þ5 (geographical azimuth at 33) at the
glacier central streamline.
In summary, (1) flow velocity is believed to have
been constant over the 20 km length of glacier about
the GL for the past 11 years, although the glacier
shows increasing flow velocity along streamlines in the
area upstream of the GL; (2) shear strain reaches
a maximum at around the GL; and (3) the orientation
of principal shear strain is curved, indicating a bottle-
neck in the flow around the GL. This bottleneck is
probably controlled by the topography of the under-
lying bedrock, which forces the ice flow to wind its
way through a confined outlet to the sea.
6. Discussion
6.1. Condition of sea ice in Lu¨tzow-Holm Bay and
drift-away of the iceberg conglomerate
A decadal change is apparent in the drift-away of
conglomerate from Lu¨tzow-Holm Bay. The 1970s was
basically a stable period. A LANDSAT-1 Multi Spec-
tral Scanner (MSS) image taken on 16 December 1973
(Fig. 7a) shows a 60-km-long conglomerate. Assuming
an advance rate of 2.5 km/a, this conglomerate must
have been stable since the early 1950s. It is not clear at
Fig. 6. (a) Magnitude of maximum shear strain 3max and the corresponding elements (31, 32) at various distances from the GL. Color legends
indicate the epochs of JERS-1 pairs used to calculate the values, where 3max, 31, and 32 are obtained by Eqs. (6), (3) and (4), respectively. (b)
Orientation of principal strain axis qmax measured from azimuth direction, toward the east. A local minimum occurs at the GL. For details, see text.
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but Y. Yoshida (JARE-20 Expedition Leader) recorded
that “the reconnaissance flight by Cessna A185F on 5
February 1979 found retreated ice tongue as compared
with the position in 1975, and the ice tongue must have
been flown away sometime in 1977, and re-advanced
again.”
Fig. 7b shows a LANDSAT-5 Thematic Mapper
(TM) scene taken on 20 January 1988, probably soonafter drift-away of the conglomerate; “CF” in the figure
indicates the calving front near the area of bare rock
known as Instekleppane, while “GL” marks the loca-
tion of the grounding line, which is about 30 km
upstream from CF. We believe that two or three drift-
away events occurred in the 1980s.
The period from 1990 to 1997 was a stable time, but
a drift-away occurred between 4 April and 18 May
1998, as is evident from the consecutive JERS-1 scenes
Fig. 7. (a) LANDSAT-1 MSS image over the Shirase Glacier region
taken on 16 December 1973. Note elongated conglomerate that
extends up to 60 km from the calving front (arrow CF). (b)
LANDSAT-5 TM image taken on 20 January 1988. CF line (arrow) is
close to the bare rock Instekleppane. GL is about 30 km upstream
from CF. This scene is believed to have been taken just after drift-
away of the conglomerate.
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(2007b). There have been no subsequent drift-away
events up to 2009.
Ushio (2006) summarized the breakup history of sea
ice in Lu¨tzow-Holm Bay, defining “breakup” as the
appearance of a southward advance in disintegration
and offshore drift of fractured ice floes beyond 68500S
latitude within the bay. The drift-away of conglomerate
is likely to be related to this breakup, as seen in the
previous breakup event in 1997 (NOAA Advanced
Very High Resolution Radiometer (AVHRR) scene of
July 1997; fig. 1 in Ushio, 2003), although this relation
will be discussed in more detail in a separate report.In the case of the drift-away during AprileMay
1998, the velocity downstream of the GL increased by
0.33 km/a, but increased by only 0.02 km/a at the GL
itself. Based on these results, the breakup in Lu¨tzow-
Holm Bay is inferred to have caused sporadic disin-
tegration of the conglomerate; once the conglomerate
began to break away from the ice tongue, the velocity
of the glacier increased, with the increase propagating
inland toward the GL. These spurts of velocity increase
suggest that sea ice in Lu¨tzow-Holm Bay acts against
outflow of the glacier into the bay.
6.2. Mass discharge from Shirase Glacier
Table 5 summarizes estimates of mass discharge
from Shirase Glacier, based on the studies by Fujii
(1981), Pattyn and Derauw (2002), Rignot (2002a),
and the present study. Previous studies calculated the
ice thickness near CF based on the free-board
assumption applied to icebergs (column 2) (Fujii,
1981), and at the GL with reference to the BEDMAP
(Lithe et al., 2000) database (Pattyn and Derauw, 2002;
Rignot, 2002a). Here, we also adopted free-board
assumption, although the data are from the height of
floating ice at the GL, from an ASTER DEM. The
ASTER DEM has an offset of 10 m from ICES at laser
altimetry data; therefore, this offset corresponds to
a 79-m error in the values of ice thickness provided in
column 3.
Flow widths were determined from visual inspec-
tions of aerial photographs (Fujii, 1981) or ERS SAR
images (Pattyn and Derauw, 2002; Rignot, 2002a). In
this study, the cross-sectional distance for tangential
streamlines with velocities >2000 m/a was measured
by counting the number of pixels (15 m resolution)
from the PALSAR scene, yielding a value of
8.79 0.06 km (see column 4 in Table 5). The flow
velocities reported by Fujii (1981) were measured at
the calving front (CF in Fig. 7a), whereas those
reported in other studies were measured at the
grounding line (GL in Fig. 7a).
The discharge estimate (column 6) in Table 5
differs from values calculated in previous studies, as
we converted the ice volume to ice mass by applying
a uniform ice density of rice¼ 0.9 g/cm3 and water
density of rsea¼ 1.03 g/cm3. Here, we estimate the
discharge volume V and associated error dV as
follows:
V ¼ dvw; ð8Þ
and
Table 5
Summary of ice-mass discharge calculated in previous studies and this study. Data are from Fujii (1981), Pattyn and Derauw (2002), and Rignot
(2002a). Column 3 (ice thickness) in our study was calculated from the free-board assumption applied to icebergs (column 2) with a sea water
density of 1.03 g/cm3 and glacier ice density of 0.9 g/cm3. Discharge mass (column 6) was converted from the estimated ice volume using the above
ice density of 0.9 g/cm3.
1 2 3 4 5 6 7 8 9
Subdivision Height of
iceberg (m)
Ice thickness,
d (m)
Flow width,
w (m)
Flow velocity,
v (m/a)
Discharge mass,
V (Gt/a)
Mass balance,
M (Gt/a)
Year Position
Fujii (1981) A 65e70 515e554 8650 2500 10.0e10.8 1969e1975 CF
B 55e65 436e515 1900 2700 2.0e2.4 1975e1977 CF
C 25e30 190e238 (20,000) (360) 1.4e1.5 CF
Total 13.4e14.7 0.7 to 2.0 1969e1977
Pattyn and
Derauw (2002)
A 900 100 8300 2035 74 13.8 1.6 3.6 (2.6e3.6) 1996 GL
Rignot (2002a) 900 200 2400 13.6 2.7b þ1.6 2.7b 1996e1997 GL
This study A 89 10 705 79a 8790 63 2260 150 12.6 2.3 2.4 2.3 2007e2009 GL
B 49 10 388 79a 1740 63 2720 150 1.7 0.5 2007e2009 CF
a The height difference of the iceberg between ICESat and ASTER DEM in column 2 is about 10 m. This height error reflects a 79 m error in the
estimated ice thickness in column 3 by this study.
b Rignot (2002a) estimated the discharge volume flux as 15.1 3 km3/a, and mass balance as 1.8 3 km3/a. We converted his ice volume to ice
mass using r¼ 0.9 g/cm3.
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where input of the corresponding values in Table 5
results in V¼ 14.00 km3 and dV¼ 2.60 km3. Next, the
ice-volume discharge (column 6 in Table 5) is converted
to the ice-mass discharge, applying the presumed ice
density of rice¼ 0.9 g/cm3.
To estimate the mass balance in column 7, we
require the a priori value of snow accumulation (mass
input). In this regard, it is unclear which data sources
were adopted in previous studies, but the explicitly
cited value in column 7 indicates that the mass input
varies from 12.7 to 14.0 Gt/a (Fujii, 1981) to 10.2
(2.6e3.6) Gt/a (Pattyn and Derauw, 2002) to
15.2 2.7 Gt/a (Rignot, 2002a). Our calculation
suggests that mass deficit must be roughly
2.4 2.3 Gt/a, considering the high thinning rate of
the upstream drainage basin, as discussed by Toh and
Shibuya (1992) and Pattyn and Derauw (2002).
Regarding the tributary ice stream B described by
Fujii (1981), input of the corresponding values of ice
thickness, etc. yields a discharge mass of 1.7 0.5 Gt/
a (bottom row in Table 5).
6.3. Brief review of glacier dynamics in West
Antarctica and future studies of Shirase Glacier
Within the West Antarctic Ice Sheet (WAIS), the
Pine Island Glacier (PIG) area is the most conspicuousin terms of an acceleration in the rate of change of
glaciers; e.g., the GL retreated by 5 km between 1992
and 1996 (Rignot, 1998) and the grounded PIG thinned
by up to 1.6 0.2 m/a during this period (Shepherd
et al., 2001). The measured outgoing flux was
32 19% higher than the balance flux (Bamber and
Rignot, 2002), and the acceleration extended >80 km
inland of the GL (Rabus and Lang, 2003).
One of the epoch-making events in the study of the
dynamic nature of PIG was obtaining detailed ice
thickness soundings by airborne survey (Rignot et al.,
2004). Based on a revision of BEDMAP topography,
the revised ice flux was 84.2 2 km3/a with an
imbalance of 9 8 km3/a (Rignot et al., 2004). The
new ice thickness data also suggest that GLs were
continuing to retreat at rates of about 1 km/a, which
implies several m/a of thinning of the glaciers at the
GL. These thinning rates are high by Antarctic stan-
dards where near-coastal snow accumulation is about
0.4 m/a (Wingham et al., 1998).
Vaughan et al. (2006) made extensive airborne
surveys and improved subglacial topography for the PIG
basin. The trunk of PIG lies in a narrow, 250-km-long,
500-m-deep subglacial trough, suggesting a long-lived
and constrained ice stream. Two episodes of acceleration
of discharge have been observed (1974e1987 and
1994e2000), separated by around 7 years of steady flow,
and an acceleration of 22% was interpreted to be
responsible for the present imbalance in the PIG basin,
454 K. Nakamura et al. / Polar Science 4 (2010) 443e455although the position of the ice front had not shown any
clear trend over the past 50 years (Rignot, 2002b).
Rignot (2008) re-calculated the ice-flow velocities of
PIG using ALOS PALSAR data with a precision of 2 m/
a. Between 1996 and 2007, PIG increased by 42% and
ungrounded over most of its ice plain. Progressive un-
grounding of the ice plain, caused by dynamic thinning
of the glacier (at least 1e2 m/a), reduced back-stress
resistance to flow, increasing the longitudinal strain rate
of ice, meaning that the ice accelerated and thinned
vertically, which in turn enhanced GL retreat.
Joughin et al. (2009) inferred the basal properties of
the PIG, using MacAyeal’s (1997) ice sheet modeling.
The results indicate strong basal melting (around 0.4 m/
a) in areas upstream of the GL, where the ice flow is fast
and the basal shear stress is large. The annual basal melt
volume for PIG is 1.7 km3/a. There is a >140-km-long
weak region extending up much of the length of PIG’s
main trunk that could prove unstable if it retreats past the
band of strong bedding just above its current GL.
As compared with the rather wide and flat PIG and
other neighboring glaciers, Shirase Glacier has narrow
and steep topography. Recent ASTER DEMs are
applicable to the study of glacier dynamics, but we
require their validation by ground heights and inter-
comparison with other datasets by laser altimeter
tracking profile, among other methods (e.g., Schutz
et al., 2005). What is lacking over the present
research area is detailed data on ice thickness distri-
bution. Although airborne ice radar sounding has been
performed at 10-km spacing (Nogi et al., 2008), digital
mapping data are not yet available and a revision of
BEDMAP has yet to be made.
One of the promising methods for analyzing
detailed ice dynamics is repeated measurements of grid
points by an absolute gravimeter. Simple lowering of
ice surface height of 1 m by ice sheet thinning will give
an increase of gravity by free-air gradient of around
308.6 mGal, while lowering of 1 m by an ice layer loss
at the bottom of the ice sheet would superimpose
a 37.7 mGal decrease onto the above gravity increase
with the resultant 270.9 mGal, when we simplify the
ice-mass loss by an infinite Bouguer plate of
2priceGDh¼ 37.7 mGal with rice¼ 0.9 g/cm3,
G¼ 6.67 1011 m3/s2 kg, and Dh¼ 1 m (see Heiskanen
and Moritz, 1967 for this gravity calculation). As recent
absolute gravimeters are able to measure gravity with an
accuracy of 20 mGal in the field, grid surveys conducted
over 2e3 years would indicate whether the thinning is
a result of ice sheet thinning or of melting/run-off of the
water mass at the bottom of the glacier. A combined
analysis of the above data in MacAyeal’s (1997) icemodeling would predict changes in ice dynamics in the
Shirase Glacier region.
7. Summary
Image correlation with SAR-amplitude image pairs
is an effective means of measuring the velocity of
glaciers that are moving as fast as Shirase Glacier. In
this study, flow vectors for Shirase Glacier were found
with image pairs taken one orbital repeat period apart
using pairs obtained over a span of 11 years (JERS-1
and PALSAR L-band SAR data).
According to flow velocity profiles obtained by
ALOS PALSAR (2007e2008) upstream from the GL,
Shirase Glacier rapidly accelerates toward the coast, but
its velocity is roughly constant over a region 10 km long
about the GL, then gradually tends to increase again
downstream from the GL. This trend has continued
largely unchanged over the 11 years since 1996e1997,
judging from the flow velocity profiles obtained from
JERS-1 SAR observations. The flow velocity on the
central streamline near the GL is 2.3 0.3 km/a.
Nevertheless, this detailed study of year-by-year
variations in glacier behavior revealed a marked
change in the velocity of the portion upstream of the
GL over an 11-year period. As shown in Fig. 5, the
glacier accelerated from 1.09 km/a to 1.21 km/a, while
downstream of the GL, it decelerated slightly from
2.49 km/a to 2.47 km/a. Further research is needed to
illuminate the details and reasons for this behavior.
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